bility of release and exhibit paired-pulse depression.
. However, inhibition of exet al., 1998). PF synapses are the connections between citatory inputs by the retrograde messenger that gives cerebellar granule cells and PCs. Each PC receives tens rise to DSI has not been described. We find a depolarizaof thousands of PF synapses from cerebellar granule tion-induced suppression of excitatory inputs (DSE) in cells, with most granule cells making only a small numcerebellar Purkinje cells, indicating that both excitatory ber of contacts. PF synapses have a low probability of and inhibitory synapses can be modulated on rapid release and display prominent paired-pulse facilitation. timescales.
By contrast, PCs are typically innervated by a single CF that originates in the inferior olive. Each CF makes hundreds of synaptic contacts, which have a high proba-Depolarization of the PC also reliably inhibited CF synapses ( Figure 1C ). CF synapses appeared to be somewhat less sensitive to postsynaptic depolarization, and, therefore, the duration of the depolarization prior to a test CF EPSC was 1 s, compared to 50 ms for PF stimulation. We refer to this depolarization-induced suppression of excitation as DSE. We next examined the time course of DSE by systematically varying ⌬t following a postsynaptic depolarizing prepulse (Figures 2Aa and 2Ba) . DSE is small at early times (⌬t ϭ 1 s) and then approaches a maximum at 5-10 s and decays with a t 1/2 of ‫02-51ف‬ s. The time course of DSE is similar at both the PF and CF synapses, suggesting that a common mechanism may underlie both phenomena.
To test whether DSE is expressed as a presynaptic or postsynaptic change, we assessed the effects of postsynaptic depolarization on paired-pulse plasticity. Most synapses, including both PF and CF synapses, display prominent short-term synaptic plasticity, which can provide insight into the probability of release. PF and CF synapses behave very differently in response to pairs of stimuli. The ratio of the amplitudes of the EPSC evoked by the second and first stimuli (A2/A1) is typically about 160% for PF synapses, and they are said to facilitate, which is consistent with their low initial probability of neurotransmitter release. CF synapses have a high initial probability of release and display paired-pulse depression, with A2/A1 of about 40%. At both of these synapses, short-term plasticity is thought to be presynaptic in origin (Atluri and Regehr, 1996; Dittman and Regehr, 1998), and a decrease in the initial probability of release increases the ratio A2/A1. Therefore, if the inhibition we observe following depolarization reflects . We DSE at 34ЊC, which is much closer to physiological temperatures (Figure 4) . At PF synapses, both the onset and therefore monitored presynaptic calcium influx to distinguish between these possibilities and to further characdecay of DSE is faster ( Figure 4A ). At ⌬t ϭ 1 s, a large inhibition is already present, which is maximal at 3 s terize the mechanism responsible for DSE. Optical measurements of presynaptic calcium levels and completely decayed by 20-30 s. The magnitude of DSE is slightly larger in the parallel fibers at 34ЊC. In the were made at the climbing fiber. Each PC is innervated by a single CF whose axonal arbor forms a dense cluster climbing fiber, a similar increase in the speed of onset and decay of inhibition was observed, while the magniof synapses that are contained in a single plane and are therefore ideally suited to examining the presynaptic aptic calcium influx that followed the same time course as the inhibition of the EPSC ( Figure 5B ). At ⌬t ϭ 5 s, effects of depolarizing a single PC. In contrast, fluorescent signals from the parallel fibers arise from a great when EPSC inhibition is maximal, the inhibition of calcium influx is also greatest. When BAPTA (40 mM) is number of presynaptic terminals, only a small fraction of which represent synapses onto any given PC. As a included in the postsynaptic recording pipette, PC depolarization fails to inhibit CF presynaptic calcium influx result, it is difficult to study in isolation calcium transients in parallel fiber boutons that synapse onto a given
at all values of ⌬t tested ( Figure 5C ). Therefore, during depolarization of the postsynaptic cell, calcium is rePurkinje cell.
To quantify the reduction in CF presynaptic calcium quired for the generation of a signal that inhibits presynaptic calcium influx for tens of seconds. influx following PC depolarization we used fluo-4 dextran (Kreitzer et al., 2000) . This low-affinity indicator reIt is possible that the decrease in presynaptic calcium influx arises from incomplete action potential invasion sponds linearly to changes in presynaptic calcium and therefore provides a means for quantifying changes in of the presynaptic axonal arbor. We tested this hypothesis by using a CCD camera to image the extent of action calcium influx. We coinjected fluo-4 dextran (10,000 MW), which is faint at resting intracellular calcium conpotential invasion in climbing fibers. Calcium green dextran was used in these studies because it has a high centrations, with Texas red dextran (10,000 MW) in order to visualize labeled fibers. Such a fiber is shown in Figure  affinity , and fluorescence changes produced by climbing fiber activation are much larger than those obtained 5A, with a schematic of the recording configuration. Whole-cell voltage-clamp recordings were made from with fluo-4 dextran. This makes it well suited to differentiating between a uniform reduction in calcium influx PCs innervated by labeled fibers, and stimulus electrodes were placed near the ascending CF axon. Epifluand incomplete spike invasion, although it underestimates changes in calcium entry and thus is poorly suited orescence was measured from the CF axon terminal arborization ( Figure 5A, dotted circle) . Following postto quantifying changes in calcium entry. Climbing fibers were labeled with calcium green dexsynaptic depolarization, we found a reduction in presyn- recorded CF EPSC is displayed in Figure 6Cc for com-separate regions of the CF arbor (labeled in Figure 6A ), both for stimuli lacking a prepulse ( Figure 6B , open circles) and for stimuli following a postsynaptic depolarization ( Figure 6B, closed circles) . During each trial, stimulation evoked a consistent ⌬F/F signal in all subregions. In this example, during DSE the ⌬F/F signal was 84% Ϯ 5% in the main branch (box 3) and 88% Ϯ 4% and 78% Ϯ 5% in the secondary branches (boxes 2 and 3, respectively). For experiments conducted on two additional fibers, a similar analysis showed that the ⌬F/F signal during DSE (percent of control Ϯ SD) was 67% Ϯ 15% in the main axon compared to 65% Ϯ 32% and 75% Ϯ 29% in the side branches for one fiber and 51% Ϯ 7% in the main axon compared to 43% Ϯ 12% and 40% Ϯ 7% in side branches for another. These relatively uniform reductions in calcium influx throughout the axonal arbor, which were observed in all CF-PC pairs examined, suggest that the reduction of calcium influx into the CF presynaptic terminals is not a result of branchpoint failure.
Identification of the Receptors Targeted by the Retrograde Messenger
The suppression of release from presynaptic terminals by a calcium increase in the postsynaptic cell suggests that a retrograde messenger is involved. We started by considering the possibility that DSE requires activation of a metabotropic receptor that can mediate presynaptic inhibition at CF and PF synapses. These include metabotropic glutamate receptors (mGluRs), adenosine receptors, GABA B receptors, and cannabinoid receptors (Dittman and Regehr, 1996; Pekhletski et al., 1996; Levenes et al., 1998; Takahashi and Linden, 2000).
In the cerebellum, glutamate has been suggested to mediate DSI through activation of presynaptic mGluRs (Glitsch et al., 1996) . Therefore, we first tested the We quantified the change in the ⌬F/F signal in the (n ϭ 5) for control conditions, compared to 42% Ϯ 14% (n ϭ 3) in 100 M LY 341495, 35% Ϯ 10% (n ϭ 4) for main axon and on secondary branches. As shown in Figure 6A , the ⌬F/F signal was calculated from three 300 M of the mGluR antagonist CPPG, and 23% (n ϭ to reverse the effects of AM251, which likely reflects the difficulty of washing this lipophilic drug from the slice. AM251 also greatly reduced DSE for CF synapses (Figure 8B) . The ratio of the magnitudes of EPSCs following a prepulse (⌬t ϭ 5 s) to those without a prepulse increased from 15% Ϯ 8% in control conditions to 90% Ϯ 4% in the presence of AM251 for PF synapses (n ϭ 5) and increased from to 40% Ϯ 14% to 89% Ϯ 2% in the presence of AM251 for CF synapses (n ϭ 3). AM251 also eliminated retrograde inhibition of calcium influx ( Figure 8C) . In three such experiments, the ratio of the CF ⌬F/F signal following PC depolarization to that measured without depolarization was 63% Ϯ 4% in control conditions and 99% Ϯ 1% in the presence of AM251. These results indicate that the CB 1 receptor is involved in DSE at both the CF and PF synapses. 
Discussion

2) for 5 mM of the broad spectrum mGluR antagonist MCPG. These results demonstrate that metabotropic
We found that Purkinje cell depolarization retrogradely glutamate receptors are not involved in DSE of either inhibits the excitatory synapses that it receives-a phe-CF or PF EPSCs.
nomenon we term DSE. DSE requires a rise in postsynAdditional experiments revealed that GABA B recepaptic calcium, which ultimately leads to a decrease in tors and adenosine A 1 receptors are also not involved the probability of neurotransmitter release by inhibiting in DSE. Application of the high-affinity GABA B antagonist presynaptic calcium entry. Inclusion of a cannabinoid CGP55845a and the adenosine A 1 antagonist DPCPX CB 1 receptor antagonist prevents DSE, suggesting that failed to block DSE. The ratio of the magnitudes of the retrograde messenger is an endogenous cannaEPSCs following a prepulse to those without a prepulse binoid. Together with previous studies on DSI in the was 14% Ϯ 2% for control conditions and 11% Ϯ 4% cerebellum (Llano et al., 1991b; Vincent and Marty, after wash-in of 2 M CGP55845a and 5 M DPCPX 1993), our data indicate that elevation of postsynaptic (n ϭ 3). calcium levels in a Purkinje cell suppresses both excitWe then tested the involvement of cannabinoid CB 1 atory and inhibitory inputs. This retrograde suppression receptors in DSE. This was a promising possibility beprovides a way for a cell to use its own rate of firing to cause activation of CB 1 receptors can inhibit both PF dynamically adjust the weight of synapses that it reand CF synapses ( A remarkable aspect of DSE is that postsynaptic depolarization rapidly inhibits transmission through a presynlacking a prepulse ( Figure 8A ). A 1 s depolarizing prepulse was used to elicit maximal DSE. We were unable aptic mechanism. One piece of evidence for a presynap- tic effect was the increase in the paired-pulse ratio at and the time course of the inhibition we observe is consistent with such a mechanism. The relationship beboth PF and CF synapses, which is a hallmark of a decrease in the probability of release. 
of Synaptic Inputs
Calcium signaling in Purkinje cell dendrites and the calcium dependence of endogenous cannabinoid release man and , this would reduce the PF EPSC both contribute to the manner in which DSE regulates amplitude to 17% of control, which is similar to the EPSC synapses in physiological conditions. We have found, amplitude 5 s after a 1 s PC depolarization (15% of for example, that the extent of PF inhibition by CF activacontrol). In addition, WIN 55,212-2 does not affect the tion depends crucially on the internal solution: CF activaamplitude or frequency of mEPSCs in Purkinje cells or tion reliably inhibits PF synapses when the recording the presynaptic waveform (Takahashi and Linden, 2000). electrode contains cesium, but, when it contains potasTaken together, these results suggest that at both CF sium, the magnitude and reliability of DSE is greatly and PF synapses DSE is primarily a consequence of diminished (A. C. K. and W. G. R., unpublished data). inhibiting presynaptic calcium channels and that the These findings suggest that dendritic potassium chanhigher sensitivity of PF synapses to changes in calcium nels have a major impact on the extent of calcium elevaentry contributes to the more pronounced DSE at PF tions in PC dendrites, thereby influencing the magnitude synapses compared to CF synapses. 
